Osteoclasts (OCs) 3 are multinucleated cells that are responsible for generalized and localized bone loss in common conditions such as postmenopausal osteoporosis, periodontitis, and rheumatoid arthritis (1) . RANKL is a member of the TNF superfamily that mediates terminal OC differentiation in cooperation with M-CSF (1) . RANKL induces OC formation through its receptor, RANK, which transduces signals by recruiting adaptor molecules, such as the TNF receptor-associated factor (TRAF) family of proteins (2) . TRAFs 1, 2, 3, 5, and 6 are recruited to the cytoplasmic tail of RANK (3) (4) (5) , but of these, only TRAF6 is required for RANKL-induced OC formation based on the observation that mice generated to be deficient in TRAF6 by three independent groups have marked osteopetrosis (6 -8) . Interestingly, OC numbers are normal in the bones of one line of these TRAF6 Ϫ/Ϫ mice (6) , and no or few OCs are present in the bones of the other two lines (7, 8) ; however, OC precursors (OCPs) from all three lines of mice fail to form OCs in response to RANKL when they are cultured on plastic in vitro (6 -8) . However, some studies have reported OC formation occurring independently of RANKL-RANK-TRAF6 signaling in response to treatment of RANKL Ϫ/Ϫ , RANK Ϫ/Ϫ , or TRAF6 Ϫ/Ϫ OCPs with TNF administered in combination with TGF␤1 in vitro (9) but not with either of these cytokines on their own (9, 10) , although others have reported that TGF␤1 (11) and TNF (12) (13) (14) (15) can induce OC formation on their own in the absence of RANKL or RANK.
TRAF6 recruits TGF␤-activated kinase 1 (TAK1), a member of the MAPK kinase family (16) , to the cytoplasmic tail of RANK via TAK1-associated binding protein 2 (TAB2), which acts as a bridge between TRAF6 and TAK1 (17) . Within this complex, TRAF6 acts as an E3 ubiquitin ligase, and its ubiquitination of TAK1 leads to TAK1-mediated phosphorylation of MAP kinases and inhibitory B kinase (18) , which are essential initial steps for OC formation (19, 20) . TRAF6 and TAK1 are also recruited to the TGF␤ receptor to mediate non-canonical TGF␤ signaling in a variety of cell types (21, 22) .
TRAF3 is recruited to the RANKL and TNF receptors, but unlike TRAF6, it inhibits OC formation in unstimulated OCPs by constitutively ubiquitinating NF-B-inducing kinase (NIK) and inducing proteasomal degradation of NIK (15, 23) , whereas overexpression of TRAF3 in OCPs inhibits RANKL-induced OC formation (23) . TNF increases the levels of TRAF3 in OCPs as well as those of the downstream NF-B non-canonical signaling inhibitor p100 as an important mechanism to limit inflammation-mediated osteoclastogenesis (15) . TNF can also limit RANKL-induced OC formation in vitro by increasing TRAF3 levels in OCPs (15) . However, RANKL reduces TRAF3 levels in OCPs by inducing its autophagolysosomal degradation, thus allowing NIK to mediate osteoclastogenesis. By this mechanism, RANKL-induced degradation of TRAF3 enhances TNF-induced osteoclastogenesis (15) because TNF alone has a rather limited ability to induce OC formation (15, 24) . Thus, there are complex interactions between RANKL and TNF signaling that can affect TRAF levels in OCPs and, thus, OC formation.
Here we further investigated the role of TRAF6 and TRAF3 in TNF-and RANKL-induced OC formation and activation and examined whether TRAF6 is involved in the degradation of TRAF3. We found that TNF can induce OC formation from TRAF6 Ϫ/Ϫ OCPs on plastic and bone and that RANKL or TGF␤ enhances TNF-induced bone resorption by these cells. In addition, when TRAF6 Ϫ/Ϫ OCPs are cultured on bone slices, they secrete TNF, resulting in increased TRAF3 expression. Treatment of TRAF6 Ϫ/Ϫ OCPs on bone slices with RANKL causes TRAF3 degradation, resulting in OC formation and bone resorption. RANKL-induced OC formation from TRAF6 Ϫ/Ϫ OCPs is prevented by overexpression of TRAF3 or treatment of the cells with chloroquine, an autophagolysosome inhibitor, which prevents TRAF3 degradation.
Results

RANKL enhances OC formation and resorption induced by TNF from TRAF6 ؊/؊ OCPs
The line of TRAF6 Ϫ/Ϫ mice we used was reported to have a few TRAPϩ monocytes but no multinucleated OCs in their osteopetrotic bones and died within 2 weeks after birth (7) . However, we observed TRAPϩ multinucleated OCs on trabecular surfaces of this line of TRAF6 Ϫ/Ϫ mice, although the numbers were ϳ4-fold lower than in WT mice ( Fig. 1A) . We have reported that TNF alone, like RANKL, can induce OC formation from WT OCPs in vitro in the presence of M-CSF A, representative sections of tibiae from 12-day-old WT (ϩ/ϩ) and TRAF6 KO (Ϫ/Ϫ) mice stained for TRAP activity (red staining). OC numbers (Oc.N) in the tibial secondary ossification centers and metaphyses were counted. **, p Ͻ 0.01 for Ϫ/Ϫ mice (n ϭ 7) versus ϩ/ϩ mice (n ϭ 5). B, 2 ϫ 10 5 spleen cells from 12-day-old ϩ/ϩ and Ϫ/Ϫ mice were treated with M-CSF for 2 days to recruit OCPs, followed by treatment with TNF (T, 20 ng/ml) or RANKL (R, 10 ng/ml) for 3 days in 96-well plates. TRAPϩ OC numbers and areas (Oc.Ar) were counted. **, p Ͻ 0.01 versus the respective RANKL-treated cells; ##, p Ͻ 0.01 versus the respective TNF-treated cells; n ϭ 4/group. C, OCPs were cultured with TNF and M-CSF for 10 days on bone slices in 96-well plates. The bone slices were fixed with 10% formalin, and the cells on them were brushed off followed by 0.1% toluidine blue staining. Resorption pit areas were counted. All in vitro experiments were repeated at least twice with similar results. (15) . To determine whether either of these cytokines is responsible for the formation of the small numbers of OCs we observed in the TRAF6 Ϫ/Ϫ mice in vivo, we cultured OCPs from TRAF6 Ϫ/Ϫ and WT littermate mouse spleens with either RANKL or TNF. Similar to previous reports (6, 7, 9) , RANKL failed to induce any OCs from the TRAF6 Ϫ/Ϫ cells on plastic plates ( Fig. 1B ). However, we found that TNF induced OC formation from these TRAF6 Ϫ/Ϫ spleen cells without the addition of TGF␤1, and the number was similar to that derived from WT littermate cells ( Fig. 1B ). In addition, although RANKL failed to induce osteoclastogenesis from these TRAF6 Ϫ/Ϫ OCPs, surprisingly, it enhanced TNF-induced OC formation ( Fig. 1B) . Because mice of this line of TRAF6 Ϫ/Ϫ die before they are 2 weeks old, the spleen cells we used for OC culture could have undergone some pathological changes by the time the mice were 10 -12 days old and thus affect their OC differentiation potential. To address this possibility, we treated WT spleen cells with M-CSF and siRNA to silence TRAF6 mRNA in OCPs and found that the TRAF6 siRNA reduced RANKL-but not TNF-induced OC formation compared with scrambled siRNA (supplemental Fig. 1 ), similar to our findings with TRAF6 Ϫ/Ϫ OCPs. Importantly, OCs induced by TNF alone from the TRAF6 Ϫ/Ϫ OCPs formed bone resorption pits in vitro, and the pit area was similar to that formed by WT cells (Fig. 1C ). OCPs from either WT or TRAF6 Ϫ/Ϫ mice cultured with M-CSF alone did not form resorption pits on bone slices (supplemental Fig.  2A ), consistent with the fact that M-CSF alone is unable to complete OC differentiation, although it is required along with RANKL for OCP differentiation into OCs (25) .
TRAF6 ؊/؊ OCPs form osteoclasts and bone resorption pits in response to RANKL through the effects of TNF and TGF␤
We reported previously that OCPs produce IL-1␤ as a result of their interaction with bone matrix (26) . We cultured TRAF6 Ϫ/Ϫ splenocytes on bone slices to determine whether RANKL induces OC formation through a similar cytokinemediated mechanism. Unexpectedly, we found that RANKL induced OC formation from TRAF6 Ϫ/Ϫ cells cultured on bone slices ( Fig. 2A ), although the numbers of OCs were 3-to 4-fold lower than those from WT OCPs, similar to the reduced numbers in bone sections in vivo. Interestingly, OCs were also present on the plastic around the slices ( Fig. 2A) , and although the area available for them on which to form was less than the area of the slices, they occupied a larger area overall because they were much larger than the OCs that formed on the slices, which is typical for these culture conditions. Importantly, OCs induced by RANKL from TRAF6 Ϫ/Ϫ spleen cells were able to resorb bone, although the mean resorption pit area was much less than that from WT cells ( Fig. 2B ). OCPs from either WT or TRAF6 Ϫ/Ϫ mice cultured with M-CSF alone on bone slices did not form OCs on bone slices or on the plastic around the bone slices (supplemental Fig. 2B ), excluding the possibility that TRAF6 Ϫ/Ϫ OCPs could differentiate into OCs through an autocrine mechanism.
TNF, IL-1␤, and TGF␤ are candidate cytokines that could be produced by TRAF6 Ϫ/Ϫ OCPs or released from bone matrix to induce TRAF6 Ϫ/Ϫ OCP differentiation into mature OCs in cooperation with RANKL because OCPs are known to produce TNF and IL-1␤ (26, 27) , and TGF-␤ is released from bone 
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matrix and activated during bone resorption (28) . However, neither IL-1␤ (10 ng/ml, a dose that effectively mediated OC formation from c-Fos-expressing OCPs (26)) nor TGF-␤1 (2 ng/ml, a dose that mediated OC formation together with TNF, Fig. 4C ) induced OC formation from TRAF6 Ϫ/Ϫ OCPs when they were added along with RANKL on plastic culture plates ( Fig. 3A) . We next added inhibitors of TNF or IL-1␤ or a TGF-␤ antibody to TRAF6 Ϫ/Ϫ OCPs cultured on bone slices and found that the TNF inhibitor and the TGF␤ Ab, but not the IL-1 receptor antagonist (0.3 g/ml, a dose that effectively inhibited OC formation from c-Fos-expressing OCPs on bone slices (26) ), significantly reduced RANKL-induced OC formation from TRAF6 Ϫ/Ϫ OCPs on bone slices ( Fig. 3B ).
Monocytes and macrophages are major producers of TNF (29, 30) , and they also express TGF␤ (31, 32) . Thus, we investigated whether TRAF6 Ϫ/Ϫ OCPs produce more TNF and/or TGF␤ when they are cultured on bone slices or whether RANKL promotes the production of or release of TGF␤ from bone matrix to induce OCP differentiation. We treated the cells with PBS or RANKL for 5 days, by which time mature OCs had formed. TNF levels in the media from both knockout and WT OCPs cultured on bone slices with PBS were significantly higher than those from cells cultured on plastic, but the levels were not affected significantly by the addition of RANKL ( Fig.  3C , left panel). TNF protein levels in the lysates of bone tissue from 10-day-old TRAF6 Ϫ/Ϫ and WT mice were similar and were around the lower limit of detection ( Fig. 3D , left panel). We also measured levels of the active form of TGF␤ in the conditioned medium in these experiments and found that they were higher in RANKL-treated WT cells cultured on plastic than in PBS controls ( Fig. 3C, right panel) , presumably because the OCs activated latent TGF␤ in the culture medium. The levels of active TGF␤ in media from cultures of WT OCPs treated with RANKL on bone slices for 5 days were significantly higher than those of OCPs cultured for 5 days with PBS on plastic or on bone slices ( Fig. 3C, right panel) . Similarly, the levels of active TGF␤ in media from TRAF6 Ϫ/Ϫ OCPs treated with RANKL on bone slices were higher than those from TRAF6 Ϫ/Ϫ OCPs cultured on bone slices without RANKL or treated with RANKL on plastic. Interestingly, the levels of active TGF␤ in bone samples from TRAF6 Ϫ/Ϫ mice were significantly higher than those in bone from WT mice ( Fig. 3D , right panel).
TRAF3 limits OC formation induced by TNF from TRAF6 ؊/؊ OCPs
NF-B plays a central role in OC differentiation by sequentially activating c-Fos followed by NFATc1 (24) . TRAF6 is essential for activation of IL-1-induced canonical NF-B signaling (33), but it negatively regulates TNF-induced canonical NF-B signaling (34) . Consistent with this, we found that neither IL-1␤ nor TGF␤1 induced IB␣ phosphorylation, whereas TNF-induced IB␣ phosphorylation was enhanced in TRAF6 Ϫ/Ϫ cells compared with the change in WT cells (supplemental Fig. 4 ). TRAF3 associates with NIK to prevent NIK from inducing the processing of p100 to p52, a key event in non-canonical NF-B activation (35) . TRAF6 functions as an E3 ligase that regulates Akt ubiquitination and activation (36) , and thus it could ubiquitinate TRAF3 and affect its levels in OCs and OCPs. However, we found that TRAF3 protein levels in the bones of 10-day-old TRAF6 Ϫ/Ϫ mice were similar to those of WT mice, as assessed by Western blotting using the bone lysates shown in Fig. 3D (data not shown). We reported previously that TNF increases TRAF3 protein levels in WT OCPs and that TRAF3 overexpression limits TNF-and RANKL-induced OC formation (15, 23) . In addition, RANKL A, TRAF6 Ϫ/Ϫ spleen cells were cultured with TNF, IL-1 (10 ng/ml), or TGF␤1 (2 ng/ml) or with each of them in combination with RANKL plus M-CSF in 96-well plastic plates for 5 days to generate OCs. TRAPϩ OCs were counted after TRAP staining. **, p Ͻ 0.01 versus cells treated with TNF alone. Oc.N, OC number. B, spleen cells from 11-day-old WT and TRAF6 Ϫ/Ϫ mice were seeded on bone slices in 96-well plates and cultured with RANKL and M-CSF plus the TNF inhibitor TNFR:Fc, an IL-I receptor antagonist (IL-1Ra), or a TGF␤-neutralizing Ab for 5 days. TRAPϩ OCs were counted on bone slices after TRAP staining. **, p Ͻ 0.01 versus PBS-treated culture. C, 2 ϫ 10 5 spleen cells from 11-day-old WT and TRAF6 Ϫ/Ϫ mice were seeded in 96-well plates on plastic or on bone slices and treated with PBS (P) or RANKL (R) plus M-CSF for 5 days. Levels of TNF (left panel) and the active form of TGF␤ (right panel) in the culture media were tested by ELISA. **, p Ͻ 0.01 versus the respective level in medium from cells cultured on plastic (n ϭ 3/group); #, p Ͻ 0.05; N.S, no significant difference between the two groups. D, the lower extremities of 10-day-old TRAF6 Ϫ/Ϫ and WT mice were homogenized in 1 ml of tissue protein extraction reagent containing a proteasome inhibitor mixture. 50 g of tissue lysate protein from each sample was used to test the levels of TNF (left panel) and the active form of TGF␤1 (right panel) by ELISA (n ϭ 4). All experiments were repeated at least twice with similar results.
induces TRAF3 autophagolysosomal degradation to promote OC formation (23) . To investigate whether the TNF-induced increase in TRAF3 levels is dependent on TRAF6, we cultured spleen cells from TRAF6 Ϫ/Ϫ and WT littermate mice with M-CSF to recruit OCPs, followed by treatment with TNF, RANKL, or TGF␤1 or combinations of them. The basal levels of TRAF3 were similar in WT and TRAF6 Ϫ/Ϫ OCPs. As expected, RANKL reduced, whereas TNF markedly increased, TRAF3 protein levels, and addition of RANKL reduced TNF-induced TRAF3 levels in WT OCPs (Fig. 4A and supplemental Fig. 3A , p Ͻ 0.01). Similarly, RANKL also reduced, whereas TNF increased, TRAF3 protein levels in TRAF6 Ϫ/Ϫ OCPs (Fig. 4A   Figure 4 . TRAF3 induced by TNF in OCPs is degraded by RANKL to enhance OC differentiation independently of TRAF6. A, spleen cells from 11-day-old WT and TRAF6 Ϫ/Ϫ mice were cultured with M-CSF in 60-mm dishes for 3 days to recruit OCPs, which were then treated with the indicated cytokines for 8 h. Cell lysates were subjected to Western blot analysis of TRAF3, TRAF6, and ␤-actin. B, the autophagolysosomal inhibitor CQ or PBS was added to cultures similar to those in A along with cytokines for 8 h. Protein levels of TRAF3 and ␤-actin in the cell lysates were analyzed by Western blotting. C, 2 ϫ 10 5 WT or TRAF6 Ϫ/Ϫ spleen cells were cultured with M-CSF for 2 days in 96-well plates to recruit OCPs, followed by treatment with the indicated cytokines and CQ or PBS for an additional 3 days to generate OCs. OC numbers (Oc.N) were counted after TRAP staining (bottom panel). **, p Ͻ 0.01 between vehicle-and CQ-treated cells from WT and TRAF6 Ϫ/Ϫ mice. All experiments were repeated at least twice with similar results. T, TNF, 20 ng/ml; R, RANKL, 10 ng/ml; T␤1, TGF␤1, 1 ng/ml. and supplemental Fig. 3A , p Ͻ 0.01) to an extent similar to that seen in WT cells. In contrast, TGF␤1 did not significantly affect basal or TNF-induced increased TRAF3 protein levels in either WT or TRAF6 Ϫ/Ϫ cells ( Fig. 4A and supplemental Fig. 3A ). The absence of TRAF6 protein in TRAF6 Ϫ/Ϫ cells confirmed the genotype of the knock-out mice (Fig. 4, A and B) .
We reported previously that chloroquine (CQ), an autophagolysosome inhibitor, limits RANKL-induced OC formation (23) . Interestingly, CQ elevated basal TRAF3 levels and prevented the reduction in TRAF3 levels in response to RANKL to a similar extent in WT and TRAF6 Ϫ/Ϫ OCPs pretreated with TNF ( Fig. 4B ). Consistent with these findings, CQ completely blocked OC formation from TRAF6 Ϫ/Ϫ OCPs induced by TNF alone or in combination with either RANKL or TGF␤1 (Fig.  4C ). TNFϩTGF␤1 induced similar numbers of OCs as TNFϩRANKL from TRAF6 Ϫ/Ϫ OCPs (298 Ϯ 25 versus 274 Ϯ 46/well, p Ͼ 0.05) (Fig. 4C ). Furthermore, TRAF6 Ϫ/Ϫ OCPs formed OCs earlier in response to TNFϩTGF␤1 (3 days) compared with other treatments (4 days, data not shown). In addition, most of the TRAF6 Ϫ/Ϫ OCs induced by TNF plus either RANKL or TGF␤1 formed actin rings, similar to WT OCs induced by RANKL ( Fig. 5 ).
To investigate whether TRAF3 is a key inhibitor of TNFinduced OC formation in TRAF6 Ϫ/Ϫ mice, we first used OCPs from LyM cre -TRAF3 f/f mice with deletion of TRAF3 specifically in myeloid cells (called TRAF3 cKO) (23) . RANKL induced more OCs from TRAF3 cKO OCPs than from WT OCPs (Fig. 6A ), as we reported previously (23) . Importantly, TNF alone induced more OCs with a significantly higher area from TRAF3 cKO OCPs than from WT littermate cells, and TNF did not inhibit RANKL-induced osteoclastogenesis from TRAF3 cKO OCPs (Fig. 6A ). Finally, we infected TRAF6 Ϫ/Ϫ and WT OCPs with either GFP or TRAF3 retroviral constructs and found that overexpression of TRAF3 significantly reduced OC formation induced by RANKL, TNF, and RANKLϩTNF from WT OCPs (Fig. 6B ). Importantly, it blocked osteoclastogenesis induced by TNF or RANKLϩTNF from TRAF6 Ϫ/Ϫ OCPs (Fig. 6B ).
Discussion
Here we provide the first report that RANKL or TNF alone, without pretreatment with cytokines other than M-CSF, can induce the formation of bone-resorbing OCs in vitro independently of TRAF6 expression when TRAF6 Ϫ/Ϫ OCPs are cultured on bone slices. These findings complement our observation of multinucleated osteoclasts in bone sections from the line of mice we studied, which had ϳ4-fold fewer OCs than WT mice and whose OCPs formed 3-to 4-fold fewer OCs in response to TNF in vitro. Our detection of multinucleated OCs in bone sections from these mice differs from the findings of Naito et al. (7) , who generated the mice and observed only a few weakly positive TRAPϩ mononuclear cells in bone sections. This discrepancy could reflect differences in tissue processing and TRAP staining procedures. Naito et al. (7) did not observe the formation of OCs or resorption pits from TRAF6 Ϫ/Ϫ OCPs cultured with WT calvarial cells and 1,25(OH) 2 vitamin D3 or with M-CSF and RANKL, which we observed in our experiments. This could also reflect differences in culture conditions. For example, we used slices of bovine cortical bone, whereas Naito et al. (7) used dentine slices. Although these tissues have many similarities, they are laid down by different cell types and have differences in their proteomic makeup (37).
Kim et al. (9) studied the OC forming potential of TRAF6 Ϫ/Ϫ OCPs using a different line of mice they had generated. OCPs from those knock-out mice, like the OCPS we studied, formed a few OCs in vitro in response to co-stimulation with TGF␤ and TNF in the presence of M-CSF. However, M-CSF and RANKL did not induce any OCs from spleen cells from those TRAF6 Ϫ/Ϫ mice unless they were pretreated with M-CSF and TGF␤ for 3 days. However, those OCs did not form resorption pits on dentine slices. The authors did not explore the molecular mechanisms whereby pretreatment of TRAF6 Ϫ/Ϫ spleen cells with M-CSF and TGF␤ facilitated RANKL induction of osteoclastogenesis in their studies.
Our mechanistic studies have revealed that TRAF6 Ϫ/Ϫ OCPs, like WT OCPs, increase their expression of TNF when they are cultured with M-CSF on bone slices, similar to the increased expression of IL-1 that we reported previously by WT OCPs as a consequence of their interaction with bone matrix proteins, including osteopontin, dentin sialoprotein, and bone sialoprotein (26) . RANKL enhanced TNF-induced OC forma-tion from TRAF6 Ϫ/Ϫ OCPs mainly through degradation of TRAF3, which limits TNF-induced OC formation (15) . Although TNF increased TRAF3 levels, it induced similar numbers of OCs from WT and TRAF6 Ϫ/Ϫ OCPs, and addition of RANKL to these cultures increased the numbers of OCs further, consistent with RANKL degrading TRAF3. Indeed, when we added RANKL to TRAF6 Ϫ/Ϫ or WT OCPs on bone slices, OCs formed resorption pits without addition of TGF␤. In addition, this RANKL-induced resorption increased the release of active TGF␤ from the bone matrix into the culture medium from both TRAF6 Ϫ/Ϫ and WT OCPs without affecting TNF levels in the culture medium.
TGF␤ is produced by many cell types, including platelets (38) , macrophages (32) , and T cells (39) , and is secreted along with its binding protein as a latent complex (40) . It is thus maintained in an inactive state in the bloodstream (and in serum added to culture medium) and is stored in the extracellular panel) . B, 2 ϫ 10 5 WT or TRAF6 Ϫ/Ϫ spleen cells were cultured in 96-well plates with M-CSF for 2 days and then infected with GFP or TRAF3 retroviral supernatant. 1 day after infection, cytokines were added to the cultures for 3 days to generate OCs. OC numbers were counted after TRAP staining (top right panel). *, p Ͻ 0.05 versus its respective level in GFP-infected cells. TRAF3 protein levels were assessed in OCPs infected with GFP or TRAF3 retroviruses by Western blotting (bottom right panel) to confirm overexpression of TRAF3. All experiments were repeated at least twice with similar results. T, TNF, 20 ng/ml; R, RANKL, 10 ng/ml; T␤1, TGF␤1, 1 ng/ml.
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bone matrix (41) . Transient acidification can activate TGF␤ by cleaving the latency-associated peptide and latent TGF␤-binding protein (42) . Thus, TGF␤ synthesized by osteoblasts (43) and released from bone slices during resorption can be activated in the acidic environment under the OC ruffled border membrane (44) and, thereafter, can exert its biological functions. A TGF␤ antibody reduced RANKL-induced OC formation from TRAF6 Ϫ/Ϫ OCPs cultured on bone slices, and TGF␤ increased TNF-induced OC formation from WT and TRAF6 Ϫ/Ϫ OCPs (Fig. 4C) . However, different from reports by others that TGF␤ can induce OC formation from human peripheral blood mononuclear cells and RAW cells without addition of RANKL, TNF, or IL-1 (11), we found that TGF␤ did not induce any OC formation on its own from WT or TRAF6 Ϫ/Ϫ OCPs (data not shown) and did not affect RANKL-induced OC formation from WT OCPs (Figs. 4C and 6A ), suggesting that it enhances OC formation through a mechanism that is activated by TNF but not RANKL.
TGF␤ receptors recruit TRAF6 and TAK1 to mediate downstream non-canonical signaling in which TRAF6 acts as an ubiquitin ligase that regulates Akt ubiquitination and activation in 293T cells (36) and thus could degrade TRAF3. However, TRAF3 levels were similar in WT and TRAF6 Ϫ/Ϫ OCPs treated with TGF␤ plus TNF or RANKL, indicating that TRAF6 is not activated by TGF␤ or RANKL to degrade TRAF3. Several reports indicate that TRAF3 is degraded through the ubiquitinproteasome pathway (45) (46) (47) by E3 ubiquitin ligases, including Peli1 (45) and Triad3A (46) . In addition, cIAP1/2, as E3 ligases (47) , cooperate with TRAF2 and TRAF3 to inhibit non-canonical NF-B activation by degrading NF-B-inducing kinase (48 -51) . Upon CD40L stimulation, cIAP1/2 in combination with TRAF2 induces the Lys-48-linked polyubiquitination and degradation of TRAF3 in B cells and, by this mechanism, activates NF-B and MAPKs (52) . Transgenic mice expressing a mutated form of NIK that lacks the TRAF3 binding domain and cannot be degraded are osteoporotic because of increased noncanonical NF-B signaling-mediated osteoclastic resorption (53) , highlighting the negative regulatory role of TRAF3 on osteoclastogenesis. TRAF6 is unlikely to affect the activity of the E3 ubiquitin ligases described above, and we did not examine their expression levels because the basal and stimulated TRAF3 protein levels in TRAF6 Ϫ/Ϫ OCPs were very similar to those in WT OCPs.
We and others have reported that TNF can induce OC differentiation independently of RANKL signaling (15, 54, 55) , but this is limited because it also increases the levels of inhibitory proteins, including p100 (15), TRAF3 (15), IRF-8 (55), and RBP-j (54) . We recently reported that TNF inhibits RANKLinduced OC formation from M-CSF-induced M2-like macrophages but not from macrophages previously polarized to M1 cells by TNF (56) . TRAF3 limits TNF-induced osteoclastogenesis because it prevents the processing of non-canonical NF-B p100 to p52 (15) . Our report that TRAF3 deletion specifically in myeloid progenitors resulted in early-onset osteoporosis associated with increased OC formation in mice indicates the important role of TRAF3 in maintaining bone mass by inhibiting bone resorption (23) . In this report, we provide additional evidence to confirm that TRAF3 directly inhibits TNF-induced OC formation, an event that is independent of TRAF6. The number and area of OCs induced by TNF alone from OCPs from TRAF3 cKO mice were significantly higher than those from WT littermate cells, and TNF did not inhibit RANKLinduced osteoclastogenesis from OCPs from the TRAF3 cKO mice (Fig. 6A) . Importantly, overexpression of TRAF3 significantly reduced OC formation induced by TNF or RANKLϩ TNF from WT and TRAF6 Ϫ/Ϫ OCPs (Fig. 6B) , and prevention of TRAF3 degradation by chloroquine inhibited OC formation from these cells. However, TGF␤ did not reduce TNF-induced TRAF3 protein levels (Fig. 4A ), suggesting that TGF␤ enhancement of TNF-induced osteoclastogenesis is not through degradation of TRAF3. Further studies will be required to determine whether TGF␤ signaling enhances TNF-induced OC formation by affecting the levels of other inhibitory proteins, such as p100, IRF-8, or RBP-j.
The TRAF6 Ϫ/Ϫ mice we studied had marked osteopetrosis despite the presence of OCs, normal levels of TNF in their bones, and increased levels of active TGF␤, which can induce their OCPs to form OCs in vitro. This may reflect the limited ability of TNF to induce OC formation under physiological conditions because of its parallel induction of strong inhibitors (15, 54, 55) . However, TNF plays a major role mediating inflammation and joint destruction in rheumatoid and psoriatic arthritis (57) (58) (59) because it induces OC formation directly (15) and indirectly through stimulation of RANKL expression by accessory cells, including osteoblastic, synovial, and immune cells (60 -64) . Overall, our findings provide additional evidence that TRAF3 is an important negative regulator of OC formation and suggest that therapeutic approaches to prevent its degradation with drugs, such as chloroquine, should inhibit OC formation and bone loss in a broad array of common osteolytic bone diseases.
Experimental procedures
Reagents
Recombinant murine M-CSF, RANKL, TNF, TGF␤1 (which was treated with acid to activate it before use, following the instructions of the manufacturer), IL-1, IL-1Ra, and a TGF␤ pan-specific Ab were purchased from R&D Systems (Minneapolis, MN). The TNF receptor fusion protein Etanercept was from Amgen (Thousand Oaks, CA) (26) . TRAF3 and TRAF6 Abs for Western blotting were purchased from Santa Cruz Biotechnology, and anti-actin Ab was from Sigma. Ammonium chloride (NH 4 Cl) solution was purchased from STEMCELL Technologies. Chloroquine was purchased from Sigma. Alexa Fluor-488 phalloidin was purchased from Thermo Fisher Scientific.
Animals
The TRAF6 Ϫ/Ϫ mice were generated originally on a C57Bl6 background by Naito et al. (7) , and they die within a few days after birth. When TRAF6 ϩ/Ϫ mice were crossed to a 129 background, the Ϫ/Ϫ mice survived for ϳ12-14 days (65, 66). We used these mice in our studies because this allowed us to harvest cells from these slightly older animals more effectively than from the original mice. Spleen cells from 7-to 12-day-old TRAF6 Ϫ/Ϫ and WT littermates were used for in vitro OC cul-tures and related experiments. Mice with TRAF3 conditionally knocked out (TRAF3 cKO) in OC lineage cells were generated by crossing TRAF3 f/f with LysM cre mice, as we reported previously (23) . All animal procedures were conducted using procedures approved by the University of Rochester Committee for Animal Resources.
Osteoclastogenesis
The culture procedure was modified from our previous reports (15, 24, 26) . Briefly, spleens were meshed in a 40-m nylon cell strainer (BD Falcon) using 5 ml of minimum essential medium-␣ containing 5% FBS. The cells were incubated in NH 4 Cl solution for 15 min at room temperature to lyse red blood cells. 2 ϫ 10 5 cells were seeded in each well in 96-well plates with 5 ng/ml M-CSF for 2 days, and then RANKL (10 ng/ml) or TNF (20 ng/ml) or both with or without different inhibitors was added. The cells were cultured for 2-4 days, when mature OCs typically are observed under inverted microscopy. The cells were then fixed with 10% neutral phosphate-buffered formalin for 10 min and stained for TRAP activity. TRAPϩ cells with three or more nuclei were considered to be mature OCs. Bone resorption was assessed by culturing OCPs on bovine cortical bone slices in 96-well plates for 7-9 days, as we described previously (15, 26) . The slices were fixed with 10% neutral formalin for 10 min, followed by TRAP staining to evaluate OC formation. OCs were then removed from the bone slices by brushing, and the slices were stained with 0.1% toluidine blue to visualize resorption pits. The mean pit area (square millimeters per slice) was measured as described previously (15, 26) .
Assessment of actin ring formation
Cultured mature OCs were fixed with 10% neutral formalin for 10 min and then incubated with Alexa Fluor 488 phalloidin for 30 min, followed by DAPI counterstaining. The actin rings were observed under fluorescent microscopy at ϫ10 magnification.
Overexpression of TRAF3
Spleen cells, prepared as above, were seeded in 96-well plates to evaluate OC formation, or 1.2 ϫ 10 6 cells were cultured in 60-mm dishes for 3 days for Western blotting. Cells were cultured with M-CSF for 2 days to recruit OCPs, and then fresh culture medium containing M-CSF, 2 g/ml Polybrene, and 1 ⁄ 4 volume of GFP or TRAF3 retroviral supernatant prepared from Plat-E packaging cells (15, 23, 24, 26) was added to infect the cells with these retroviruses. After 24 h, RANKL and/or TNF was added for 48 -60 h to generate OCs or to prepare as cell lysate for Western blotting.
Western blot analysis
Cultured cells were lysed with M-PER mammalian protein extraction reagent (Thermo Scientific) containing a protease inhibitor mixture (Sigma). Lysates (10 -20 g) were loaded in 10% SDS-PAGE gels and transferred onto polyvinylidene difluoride membranes. Following blocking in 5% milk, membranes were incubated overnight at 4°C with mouse TRAF3, TRAF6, or ␤-actin Ab. After washing, the membranes were incubated with horseradish peroxidase-linked secondary Ab (Bio-Rad). The membranes were exposed to ECL substrate, and signals were analyzed using a Bio-Rad imaging system.
ELISA
Culture media from WT or TRAF6 Ϫ/Ϫ cells grown on plastic or bone slices in 96-well plates were collected when OCs could be seen on the culture wells or on the plastic around bone slices using an inverted microscope. The lower extremities of 10-dayold TRAF6 Ϫ/Ϫ and WT mice were homogenized in 1 ml tissue protein extraction reagent (Thermo Fisher) containing a proteasome inhibitor mixture (Sigma-Aldrich). The concentrations of TNF in the culture media and bone lysates containing 50 g of protein were measured using a mouse ELISA Ready-SET-Go! (eBioscience, San Diego, CA) kit, according to the instructions of the manufacturer. Similarly, TGF␤ concentrations in the media and bone tissue lysates were measured using ELISA Ready-SET-Go!. To test the baseline level of the active form of TGF␤, 100 l of culture medium or bone tissue lysate containing 50 g of protein were directly loaded into a well of the plate. To test the total level (including the latent form) of TGF␤, 50 l of culture medium or bone tissue lysate containing 50 g of protein was first treated with 10 l of 1 N HCl for 10 min to process the latent to the active form of TGF␤, followed by neutralization with 10 l of 1 N NaOH.
Statistics
All results are given as the mean Ϯ S.D. Comparisons between two groups were analyzed using Student's two-tailed unpaired t test, and those among three or more groups using one-way analysis of variance and Dunnett's post hoc multiple comparisons. p Ͻ 0.05 was considered statistically significant. Each experiment was repeated at least twice with similar results. 
